DNA sequence and transcriptional analysis of the UL1 to UL5 gene cluster of infectious laryngotracheitis virus
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I n t r o d u c t i o n
Infectious laryngotrachei~is is a contagious respiratory disease of chickens, which causes considerable losses in the poultry industry worldwide (Hanson & Bagust, 1991 , Bagust & Johnson, 1995 . The infectious agent (ILTV, gallid herpesvirus I) was classified as a member of the alphaherpesvirus subfamily of the Herpesviridae (Roizman e~ aI., 1992) . ILTV possesses a herpesviral type D genome of approx. 155 kbp, consisting of a unique long (UL) and a unique short (Us) region, which is flanked by inverted repeat sequences (Johnson et al., 1991) . Deduced translation products of short DNA sequences obtained from randomly cloned ILTV genomic fragments revealed significant homologies to the predicted amino acid sequences of 21 genes of other alphaherpesviruses (Griffin, 1989) . However, only approx. 20% of the ILTV genome has been sequenced continuously up to now. Known DNA sequences make up large parts of the U s region, which encodes homologues of a herpesviral protein kinase (US3) and of glycoproteins gG and gD (Kongsuwan et al., 1993a (Kongsuwan et al., , 1995 . Between these conserved open reading frames (ORFs) two presumably unique ILTV genes were located, one of them encoding the major glycoprotein gp60 (Kongsuwan eta] ., 1993 b). Within the inverted repeats flanking the U s region, the DNA sequence of an ILTV gene homologous to the major immediate-early gene of other alphaherpesviruses was determined (Johnson et al., 1995 b) . From the U L region of ILTV only four segments were characterized. Two of them encode the conserved glycoproteins gB (Griffin, 1991) and gC (Kingsley et al., 1994) . Another fragment contains the homologues of the herpes simplex virus (HSV) UL23 to UL26 genes including the viral thymidine kinase gene (Griffin & Boursnell, 1990) . Recently, a DNA fragment located close to the left end of the ILTV genome was shown to encode homologues of herpesviral immediate-early protein ICP27, glycoprotein gK and a protein of the helicase-primase complex (Johnson et al., 1995 c) . Although these DNA sequence data are limited, they indicate that the gene arrangement within the ILTV genome is largely collinear to that found in other . 11---.9 (c) Nucleotide numbers refer to the DNA sequence (GenBank no. X97256) and naming of the probes corresponds to Fig. 2 .
alphaherpesvirus genomes. This assumption is confirmed by the results of the present study, in which a segment of nearly 7 kbp from the right end of the ILTV U L genome region was investigated. At this genome position of varicella-zoster virus (VZV; Davison & Scott, 1986) , equine herpesvirus I (EHV-1; Telford et aL, 1992) and pseudorabies virus (PrV; Dean & Cheung, 1993 Klupp et aL, 1994) Table I . Open arrowheads denote location of 28S and 18S rRNA.
for I h at 50000 x g and resuspended in 1 ml 20 mM-Tris-HC1 pH 7"4, 1 mM-EDTA, 150 mM-NaC1 per I00 cm 2 of infected cells. Virions and cells were lysed by treatment with 500 ~i 3 % N-lauroylsarcosinate in 75 mM-Tris-HCl pH 8"0, 25 mM-EDTA for 15 min at 65 °C. After incubation with 50 ~g/ml RNase A for 30 min at 37 °C and with 500 ,g/ml pronase for 2 h at 42 °C, the lysate was subsequently extracted with phenol, phenol-chloroform (1:1, v/v) and chloroform.
Finally, virus DNA was precipitated with ethanol sedimented and resuspended in I0 mM-Tris-HC1 pH 8"0, I mM-EDTA.
• Plasmid cloning and generation of nested deletion mutants, KpnI restriction fragments of ILTV DNA were inserted into plasmid pBS(--) (Stratagene) by standard procedures (Sambrook et aL, 1989) . Plasmid pILT-K15 contains the 4"1 kbp KpnI fragment L and plasmid pILT-K44 contains the 2"8 kbp KpnI fragment M of the ILTV genome ( Fig. Ic) . PIasmids plLT-K15/2 and p[LT-K44/2 contain the same restriction fragments but were isolated from a second, independent cloning assay of ILTV virion DNA. Plasmid plLT-K15S was derived from pILT-K15 by deletion of a 1"6 kbp SalI fragment, which was then recloned into pBS(--) to obtain plasmid pILT-S1 (Fig. lc) . After double digestion with the restriction enzymes indicated in Fig. 1 (c), overlapping subclones were prepared from all plasmids using a double-stranded nested deletion kit (Pharmacia).
• DNA sequencing. The subcloned ILTV DNA fragments were sequenced by the dideoxy chain termination method using the vector- The reactions were performed with the T7 DNA sequencing kit (Pharmacia). Occasional sequence ambiguities were resolved by substituting 7-deaza dGTP for dGTP. Sequencing products were separated electrophoretically on denaturing 5 % polyacrylamide gels containing 7 M urea in Tris-borate electrophoresis buffer (TBE). The gels were dried and exposed to X-ray film (Hyperfilm//max, Amersham). DNA sequences were assembled and analysed using the Wisconsin sequence analysis package (GCG; Devereux et al., 1984) in UNIX version 8. ORFs were identified with the program 'Frames' and homologues of the deduced translation products were detected with the program 'Fasta'. Pain, zise and multiple sequence alignments were performed with the programs 'Gap' and 'Pileup', respectively. Evolutionary relationships were calculated with the programs 'Distances' and 'Growtree' based on the Kimura algorithm.
IB PCR. To confirm the relative genomic orientation of ILTV KpnI fragments L and M, oIigonucIeotide primers KLM-1 and KLM-2 (see Fig. l c) were assembled in a DNA synthesizer (Oligo IOOOM, Beckman), purified as recommended by the supplier, and used for PCR amplification of ILTV virion DNA. PCR was performed in 100 gl reactions containing I"5 mM-MgC12, 0"5 mM of each dNTP, 1 ~M primers, 10 ng template DNA and 4 U Taq DNA polymerase (AGS) in the supplied buffer. The reactions were incubated in a thermal cycler (PCR system 9600, Perkin Elmer) for 3 min at 95 °C, followed by 30 cycles of 122! 95 °C, 54 °C and 72 °C for 30 s each, and a final synthesis step for 5 min at 72 °C. The 25Z bp amplification product was isolated from an agarose gel (QIAquick gel extraction kit, Qiagen), cloned into pBS(--) and sequenced as described above.
• RNA analysis. Monolayers of primary chicken kidney cells were infected at a m.o.i, of 5 with ILT virions which had been collected by ultracentrifugation (see above) and resuspended in PBS. After 1 h at 37 °C the inoculum was removed and fresh medium was added. Total RNA was isolated 16 h after infection by guanidinium thiocyanatephenol~hloroform extraction as described previously (Chomczynski & Sacchi, 1987) . The RNA (5 ,g/lane) was separated on 1% formaldehyde-0'8% agarose gels and transferred to nylon membranes (Hybond-N+, Amersham). Northern blots were preincubated and hybridized for 24 h each at 54 °C in 360 mM-NaC1, 20 mM-Na2HPO4, 2 mM-EDTA, 60 % formamide, 1% SDS, 0'5 % low-fat milk, supplemented with 0"5 ,g/ml denatured herring sperm DNA for prehybridization or with 7 % dextran sulphate for hybridization. Strand-specific hybridization probes were transcribed in vitro from linearized nested deletion plasmids ( Fig. ld) with T3 or T7 RNA polymerase (RNA transcription kit, Stratagene) and labelled with I~-32P]UTP (ICN). After hybridization the blots were washed at room temperature twice with 2 x SSC (300 mMNaC1, 30 raM-sodium citrate), 0'5% SDS for 30 rain each, rinsed with 2 x SSC and incubated for I5 min with 1 ,g/ml RNase A in 2 x SSC. Finally, the blots were washed at 65 °C three times for 20 min each in 0'I x SSC, 0'5% SDS, dried and exposed to X-ray film (Hyperfilm-MP, Amersham).
Results and Discussion

Nucleotide sequence of ILW Kpnl fragments L and M
The KpnI fragments L and M of ILTV DNA were mapped close to the right end of the U L region (Johnson et al., I991, 1995 b; Fig. 1 ). We cloned these restriction fragments from a virulent ILTV strain, confirmed their viral origin by Southern blot hybridization of a2p-labelled plasmids with KpnI-digested ILTV DNA (not shown), and determined their complete DNA sequences. Independently generated plasmid clones of both ILTV KpnI L and M fragments were used for forward and reverse strand sequencing (Fig. lc) , and the obtained DNA sequences proved to be complementary in all positions. The KpnI fragment L consists of 4161 bp and fragment M is 2775 bp in size. The relative orientation and adjacent localization of the two KpnI fragments within the ILTV genome were verified by PCR amplification, cloning and sequencing of a joint fragment from viral DNA (Fig. lc) . Therefore, the total continuous length of the presented DNA sequence is 6930 bp (GenBank accession no. X97256) and is numbered from left to right with respect to the ILTV genome map. The sequence contains 45"9% G-I-C residues, which is in good agreement with the estimated overall G + C content of the ILTV genome of 45 % (Plummer et al., 1969) .
Transcriptional analysis
Within the presented ILTV DNA sequence seven ORFs of more than 70 codons could be identified (Table 1) , of which the rightmost one is probably incomplete. The ORFs were named according to their positional homologues in other herpesviruses (see below). The first two ORFs (ULS, UL4) are encoded by the forward strand of the determined sequence, whereas the following five ORFs (ULd.5, ULd, UL2, UL1, UL0) are in reverse orientation (Fig. I b) . Potential transcription signals, which are localized proximal to the reading frames, are listed in Table 1 . Sequence elements fitting the conserved transcriptional initiation signal TATAA/TAA/T (Breathnach & Chambon, 1981 ) with a maximum of one mismatch were found upstream of all ORFs except UL5 and UL0, which start close to the end or outside of the determined sequence. Putative polyadenylation signals possessing the DNA sequence AA/TTA_AA (Wickens, I990) were detected only downstream of the UL4, UL2 and ULd.5 reading frames, indicating that the preceding genes might be transcribed into three sets of 3'-coterminal mRNAs (see Fig. I b) .
This assumption was confirmed by Northern blot analyses of total RNAs from ILTV-infected chicken kidney cells with strand-and gene-specific hybridization probes ( Fig. 2B-H) . These probes were generated by in vitro transcription of ~2p_ labelled cRNAs from linearized nested deletion plasmids as depicted in Fig. l(d) . Probe B reacted only with one complementary viral transcript of 3"6 kb most likely representing the UL5 mRNA, whereas probe C additionally recognized a 0"7 kb UL4 gene specific transcript. Probes D and E both recognized a 1 kb viral transcript spanning the putative UL3 and ULd.5 genes. After overexposure of blot D an additional faint signal at 0"5 kb could be detected, which was absent from blot E and therefore might represent a monocistronic mRNA of the ULd.5 gene (not shown). However, it remains to be ascertained whether the ULd.5 gene is indeed expressed, and whether the respective mRNA is mono-or bicistronic. A distinct set of apparently 3'-coterminal transcripts was detected by probes F, G and H. The 1"3 kb transcript reacting only with probe F presumably encodes UL2. The 2"0 kb viral transcript detected by probes F and G but not probe H might represent the UL1 mRNA, and the very abundant 3"1 kb RNA reacting with all probes is apparently derived from the UL0 gene. As shown in Table I , the sizes of the detected ILTV-specific transcripts are in good agreement with the sizes calculated from the sequence positions of initiation and termination signals assuming that the viral mRNAs become larger by polyadenylation. Additional viral transcripts of 5"2 and 7"7 kb, which were detected by probes F, G and H possibly represent 3'-coterminal mRNAs of upstream, yet uncharacterized ILTV genes. In contrast, the signals obtained at 4-1 and 1"7 kb are most likely caused by unspecific accumulations of degraded viral RNA within the 28S and 18S cellular rRNAs (Fig. 2, open arrowheads) .
Characterization of viral genes
In Table I sizes and molecular masses of the predicted translation products of the seven ILTV ORFs are summarized.
Table 1. Properties of the identified ILTV genes
Nucleotide positions of transcription signals and codons refer to the DNA sequence (GenBank no. X97256). Patterns located on the reverse DNA strand are marked by (r). Molecular masses (kDa) and isoelectric points of the predicted proteins were calculated from the deduced primary translation products. The expected minimum transcript sizes (kb) were evaluated from the distances between TATA-and poly(A)-signals and compared to the viral transcripts detected by Northern blot analysis (Fig. 2) . Table 2 .
ORF
Amino acid identities of the predicted ILTV gene products to homologous herpesvirus proteins
Percentage of positionalty conserved, identical amino acid residues in the UL1 to UL5 homologues of MDV, VZV, EHV-1, BHV-1, PrV, HSV-1, HSV-2, EBV and HCMV were determined by pairwise amino acid sequence alignment using the GCG program 'Gap'. Homologues of the UL3.5 genes are absent from HSV-1 and -2 genomes (-). The ILTV UL3, UL3.5 and UL4 gene products exhibit no detectable sequence homologies to known EBV and HCMV proteins (ND). No sequence data were available from putative UL3.5, UL4 and UL5 homologues of MDV and from UL4 and UL5 homologues of BHV-1 (NS). Table 2 shows that the amino acid sequences of four of the putative proteins exhibit significant homologies to the UL2, UL3, UL4 and UL5 gene products of other alphaherpesviruses, such as HSV-1 and -2 (McGeoch et al., 1988 (McGeoch et al., , 1991 , VZV (Davison & Scott, 1986) , EHV-1 (Telford et al., 1992) , PrV (Dean & Cheung, 1993 , BHV-1 (Khattar et al., 1995) and MDV (Yoshida e~ al., 1994) . The UL2 and UL5 homologues of ILTV are also well conserved in beta-(HCMV; Chee et al., 1990) and gammaherpesvirus (EBV; Baer et al., 1984) genomes (Table 2 ). The ILTV genes are similar to their homologues not only in amino acid sequences, but also in size, genomic arrangement and orientation. The short ILTV ORF between UL3 and UL4 is positionally homologous to the UL3.5 gene, which is found in PrV, BHV-1, EHV-1 and VZV, and the ILTV ORF located upstream of UL2 is a positional homologue of the UL1 gene of other herpesviruses encoding the glycoprotein L (see below). UL1 is the leftmost gene in the U L region of HSV-1 and -2 (McGeoch et al., 1988 (McGeoch et al., , 1991 . In these viruses, the U L region is flanked by inverted repeat sequences encoding the immediate early protein ICP0. In VZV, EHV-1 and PrV (Davison & Scott, 1986; Telford et al., 1992; Cheung, 1991) , ICP0-homologous genes were found to be separated from the UL1 gene by presumably noncoding sequences of several hundred base pairs at the very right end of the U L region. In contrast, the sequenced 3'-terminal part of the ILTV ORF designated as UL0 overlaps the UL1 gene and shows no significant homology to ICP0 or any other known herpesvirus gene. However, since conservation between ICP0 homologues is mainly observed in the amino-terminal part of the proteins (Everett et al., 1993) , a part of the ILTV gene which is absent from the sequenced region, it is unclear whether UL0 represents an ICP0 homologue or a unique gene of ILTV. Since RNA Fig. 3 . Amino acid sequence alignment of the predicted UL3.5 gene products of ILTV and VZV with the N-terminal parts of their homologues in £HV-1, BHV-1 and PrV using the GCG program 'Pileup'. Amino acids which are positionally conserved in at least three proteins (capital letters) were used to generate a consensus sequence (Cons.). Agreement of the predicted IL1-V UL3.5 gene product with the consensus sequence is indicated (#, identical amino acid; +, conservative substitution). Four residues which are identical in all compared gene products are highlighted.
I LTV
analyses (see above) indicated abundant expression of UL0, further investigations are needed to elucidate the function of this gene.
UL5 (helicase)
The leftmost ORF encodes an 840 amino acid protein (Table 1 ) with homology to the UL5 gene products of other herpesviruses (Table 2 ). Since the predicted ILTV UL50RF starts very close to the left end of the determined DNA sequence, we cannot exclude that the initiation codon of the UL5 protein resides further upstream. Amino acid sequence alignments with UL5 homologues of other herpesviruses, however, provide no evidence for this possibility (not shown). In HSV-1, the UL5 protein has been shown to represent an essential component of the viral helicase-primase complex, which also includes the UL8 and UL52 gene products (Crute et al., 1989) . Within the UL5 protein of HSV-1, six functionally relevant helicase motifs were localized (Zhu & Weller, 1992) , which are conserved in all herpesviral homologues including the UL5 gene product of ILTV (data not shown). This indicates an identical function of the predicted ILTV protein in viral DNA replication, probably in association with the product of the recently described ILTV UL52 gene (Johnson et al., 1995 c) .
UL4
The function of the UL4 gene products of alphaherpesviruses is unknown and HSV-1 UL4 has been shown to be dispensable for virus replication in vitro (Baines & Roizman, 1991) . The overall homology of the deduced 178 amino acid ILTV UL4 protein (Table 1) to its homologues in VZV, EHV-1, PrV and HSV-1 and -2 is rather low (Table 2) . However, 15 amino acid residues are positionally conserved in all gene products compared (not shown).
UL3
The UL3 protein of HSV-2 was identified as a nonessential phosphoprotein localized in the nucleus of virus-infected cells (Worrad & Caradonna, 1993) . The homologous 196 amino acid ILTV gene product exhibits 43 % identity with the HSV-2 protein (Table Z) . Similar homologies were found to the UL3-like gene products of other alphaherpesviruses, which all contain positionally conserved potential nuclear localization signals represented by stretches of basic amino acids in their Cterminal parts. In the predicted UL3 protein of ILTV this stretch consists of the sequence RKSRK.
UL3.5
Downstream of the highly conserved UL3 gene a short ORF is located. Positional homologues of this reading frame are not present in the genomes of the simplexviruses HSV-1 and -2, but were found in VZV, EHV-1, BHV-1 and PrV, which are classified as members of the Varicellovirus genus of the mammalian alphaherpesviruses (Roizman et al., 1992) . The predicted UL3.5 proteins vary in size from 71 amino acids in VZV to 224 amino acids in PrV, but share a highly basic character as a common feature. The putative ILTV protein contains 72 amino acids with an isoelectric point of 10"9 (Table  1) . Amino acid sequence homologies between the UL3.5 proteins are low (Table 2) and mainly restricted to their Nterminal parts (Fig. 3) . Fourteen amino acid residues of the deduced ILTV UL3.5 gene product match a consensus sequence conserved in at least three of the homologous proteins (Fig. 3 , capital letters), but only four amino acids are identical in all proteins compared (shaded in Fig. 3) . Recently, we identified the UL3.5 protein of PrV and showed that it plays an important role in virus maturation and egress (Fuchs et al., 1996) . Therefore, it is of particular interest whether the corresponding ILTV gene product has a similar function in virus replication.
UL2 (uraciI-DNA glycosylase)
The UL20RF of ILTV encodes a 297 amino acid protein (Table 1 ). The UL2 genes are highly conserved in alpha-, as well as in beta-and gammaherpesviruses ( Table 2 ). The UL2 proteins of HSV-1 and -2 possess uracil-DNA glycosylase activity (Worrad & Caradonna, 1988 , Mullaney et al., 1989 . Presumably, the UL2 gene of ILTV also encodes this DNA repair enzyme, since it contains two conserved amino acid stretches (RVIIVGQDPY and WARKGVLLLN), which are considered as signature sequences not only of herpesviral, but also of other eukaryotic and prokaryotic uracil-DNA glycosylases (Sancar & Sancar, 1988) .
The ILTV gene located upstream of UL2 overlaps the latter by 17 codons in its 3'-terminal part. Similar overlaps were also found between the UL2 and preceding UL1 genes in HSV-1, VZV, PrV and MDV (McGeoch et aI., 1988; Davison & Scott, 1986; Klupp et al., 1994; Yoshida eta] ., 1994). The positionally homologous reading flame of ILTV encodes 148 amino acids assuming that the first of four possible initiation codons is used. The overall amino acid sequence homology between the predicted ILTV and other herpesviral UL1 gene products is not significant (Table 2 ), but is also weak when these other proteins are compared to each other. A consensus sequence of amino acids positionally conserved in at least six out of eight alphaherpesvirus UL1 gene products comprises only 20 residues, of which 16 are conserved or identical in the ILTV UL1 protein (data not shown). Nevertheless, with one exception in PrV, two cysteine residues are conserved in all UL1 proteins including that of ILTV. Furthermore, the UL1 gene product of ILTV contains a potential N-glycosylation site (Kornfeld & Kornfeld, 1985) , which is positionally conserved in the homologous proteins of MDV, VZV and EHV-1. Depending on the initiation codon used, the N terminus of the predicted UL1 protein of ILTV consists of a hydrophobic stretch of at least 16, and maximally 33, amino acids followed by alanine residues, which are characteristics of eukaryotic signal sequences and signalase cleavage sites (von Heijne, 1986) . Taken together, these findings indicate that the UL1 gene of ILTV encodes a viral glycoprotein. Homologous proteins were identified in HSV-1 (Hutchinson et aL, 1992) , PrV (Klupp et al., 1994) and VZV (Forghani et al., 1994) virions and designated glycoprotein L. The positionally homologous genes BKRF2 of EBV (Yaswen et al., 1993) and ULl15 of HCMV (Kaye et al., 1992) were also shown to encode functionally equivalent glycoproteins. All gL proteins investigated are essential for virus replication and form a co-processed complex with another essential virus glycoprotein, gH. There is evidence that the gL proteins are not anchored independently of gH in the cell membrane or virus envelope (Dubin & Jiang, 1995) , which is in agreement with the finding that the predicted UL1 gene product of ILTV, like its homologues, lacks a putative hydrophobic transmembrane domain in its C-terminal part.
Phylogenetic relationships of ILTV
The gene arrangement within the investigated DNA sequence of ILTV is identical to that found in many alphaherpesviral genomes with the possible exception of the rightmost ORF designated as UL0. Only the 3'-part of this ORF resides within the sequenced region and, thus, only the Cterminal part of the deduced protein could be analysed. While homologies with known herpesviral proteins were not detected, conservation between products of genes which could be positional homologues (ICP0 in HSV-1 and gene 61 in VZV) is confined to the N terminus (Everett el al., 1993) , which is not included in our sequence. Homologues of the UL1, UL2 and UL5 genes of ILTV and other alphaherpesviruses are also present in beta-and gammaherpesviruses, whereas homologues of the UL3 and UL4 genes are only found in alphaherpesviruses (Table 2) . This confirms the classification of ILTV as an alphaherpesvirus (Roizman et al., 1992) . With respect to gene layout in the investigated region, ILTV appears to be more closely related to the genus Varicellovirus than to the genus Simplexvirus of the mammalian alphaherpesviruses since it possesses an UL3.5-1ike gene. Positional homologues of this gene have been detected in VZV, EHV-1, BHV-1 and PrV, but were not found in HSV-I and -2 (Davison & Scott, 1986; Telford et aI., 1992; Dean & Cheung, 1993 ; Khattar et al., 1995 ; McGeoch et al., 1988 McGeoch et al., , 1991 . However, comparison of the amino acid sequences within the conserved genes (Table 2) did not provide evidence for a close evolutionary relationship of ILTV to any of the mammalian alphaherpesviruses or to the avian MDV. Phylogenetic trees from the aligned UL5 (helicase) and UL2 (uracil-DNA glycosylase) gene products support the hypothesis that ILTV separated from the alphaherpesviruses early after division of the herpesvirus subfamilies and prior to evolution of the mammalian alphaherpesvirus genera (McGeoch & Cook, 1994) . With respect to UL2, avian MDV appears to be the closest relative of ILTV (data not shown). These findings are in agreement with earlier studies based on thymidine kinase, glycoprotein D and immediate-early protein ICP4 sequences (Griffin & Boursnell, 1990; . Since ILTV appears to be quite distant from the extensively studied mammalian alphaherpesviruses but still retains a typical alphaherpesvirus genome arrangement, comparative functional studies of the ILTV genes and proteins with those of the other alphaherpesviruses are likely to help in understanding underlying principles in herpesvirus replication.
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